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Wednesday, February 19, 2014 749achannels presumably caused a change in the Ca2þ-sensitivity of the channel
which could be overcome by DC-EBIO. This hypothesis needs to be demon-
strated in future calcium imaging experiments.
Supported by a grant from the DFG (Gr848/16-1).
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BK channels consist of the pore-forming, voltage- and Ca2þ-sensing a-subunits
(BKa), either alone or together with the tissue-specific auxiliary b-subunits (b1-
b4) or g-subunits (g1-g4). The newly identified g-subunits are a group of
leucine-rich repeat (LRR)-containing membrane proteins, g1 (LRRC26), g2
(LRRC52), g3 (LRRC55), and g4 (LRRC38), that produce marked and graded
shifts in the BK channel’s voltage dependence of activation in the hyperpolarizing
direction by ~140mV, 100mV, 50mV, and 20mV, respectively, in the absence of
calcium. The g-subunits contain a single transmembrane segment (TM), a short
intracellular C-terminal tail (C-tail), an N-terminal signal peptide, and a relatively
large extracellular LRR domain, which comprises six tandemLRR structural units
(LRRs1-6) and two cysteine-richmodules, LRRNT andLRRCT, capped on theN-
and C-terminal sides. To identify structural determinants of their potent but
differentmodulatory functions,wegenerated a seriesof chimericconstructs among
these four g-subunits by swapping various structural units and analyzed the result-
ing effects on theirmodulatory potencyonBKchannels.We found that: (1) theg3-
andg4-subunits’ relativelyweakerpotencies couldnotbe improvedby substitution
with ag1-subunit signal peptide, suggesting intrinsicallyweakermodulatory capa-
bilities for these two subunits; (2) variation in amino acid sequences of the TM and
C-tail regions determines the g1, g2, and g3-subunits’ differences in modulatory
potency; (3) LRR domain also participates in theg-subunits’modulatory function,
as individual substitution of the g1-subunit’s LRR1, LRR2, LRR3, LRR4, LRR5,
TM, and C-tail regions with those of g4-subunit caused nearly full loss of g1-sub-
unit’s effectiveness whereas replacement of LRRNT, LRR6, and LRRCTwith the
same regions from g4-subunit were well tolerated.
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Docosahexaenoic acid (DHA), a long-chain omega-3 fatty acid with a 22 carbon
chain, directly activates large-conductance calcium- and voltage-gated Slo1 BK
channels with an EC50 = ~500 nM and lowers blood pressure when injected into
anesthetized mice (Hoshi et al. 2013 Proc Natl Acad Sci U S A. 110, 4816-21).
The stimulatory action of DHA is observed in excised patches and reversible,
suggesting that DHA directly interacts with the channel protein. Here we exam-
ined the molecular elements within Slo1 critical for the action of DHA. Unlike
the clear stimulatory effect of DHA on human Slo1 (hSlo1) channels, we found
that Drosophila Slo1 (dSlo1) channels expressed in mammalian cells were not
stimulated byDHA, up to 10 mM. Prompted by this finding, we generated a series
of chimeric dSlo1-hSlo1 channels and identified a single residue in S6 critical for
the stimulatory effect of DHA on hSlo1. With the the human-to-Drosophilamu-
tation Y318S, the current-enhancing effect of DHA on hSlo1, hSlo1þ b1 and
hSlo1þb4 channels was severely impaired. The converse Drosophila-to-human
mutation S332Y, however, failed to introduce sensitivity to DHA in dSlo1. Inter-
estingly, the hSlo1 mutation Y318S altered the hSlo1þb1 channel sensitivity to
22- and 20-carbon omega-3 fatty acids but did not affect the response to alpha-
linolenic acid with a 20-carbon chain or the omega-6 fatty acid arachidonic acid
with a 20-carbon chain. Y318 in hSlo1 S6 is thus a critical determinant of the
channel’s sensitivity to select fatty acids. Supported in part through the NIH,
DFG FOR 1738, and Shanghai Science and Technology Commission.
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BK channels are high conductance Kþ channels that are activated by voltage
and intracellular Ca2þ. Ca2þ binds to sites in the RCK2 and RCK1 domains
of Slo1, the pore-forming subunit of BK channels, to enhance voltage-
dependent gating of the channel. PIP2, a ubiquitous modulator of ion channelactivity, enhances Ca2þ-driven gating of BK channels but a molecular under-
standing of this interplay remains elusive. Here, we report that amino acid res-
idues in the RCK2 calcium bowl that bind Ca2þ do not affect PIP2 sensitivity.
In contrast, the RCK1 Ca2þ coordination site is intimately involved in PIP2
sensitivity. We identified two critical residues within the alphaB helix, K392
and R393, are directly involved in coordinating PIP2. In the absence of
Ca2þ, the alphaB helix interacts with the alphaA helix to decrease the apparent
affinity of the channel to PIP2 and inhibit channel activity. Ca
2þ binding to the
RCK1 site engaging D367 of the KDRDD loop relieves the decrease in PIP2
apparent affinity and channel inhibition. Furthermore, mutation of residues in
the KDRDD loop or the alphaA/alphaB residues that couple this region to
the alphaB PIP2 regulatory site also relieve the decrease in the apparent affinity
for PIP2 and current inhibition in the absence of Ca
2þ. In addition, we show that
the PMA-induced current inhibition also exhibits a dependence on channel-
PIP2 interactions that determine the extent of modulation. Together these re-
sults show that along with Ca2þ and voltage, PIP2 is a critical third factor
providing integral control of BK channel activity.
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Phosphatidylinositol 4,5-bisphosphate (PIP2), a minor acidic phospholipid
found in the inner leaflet of the plasma membrane, plays a major role in cellular
signaling. While it is well documented that PIP2 can regulate the activity of
many ion channels through direct interactions, the affinity of PIP2 is so high
for some channel proteins that its physiological role as a modulator has been
questioned. Here we demonstrate that PIP2 is an essential cofactor for activa-
tion of small-conductance Kþ channels (SK2) by Ca2þ-bound calmodulin
(CaM), with the PIP2-binding site located at the interface of the CaM-SK2
complex near the CaM N-lobe. Because of the high sensitivity of PIP2 for
the channel complex, global PIP2 hydrolysis produces only a small inhibitory
effect on SK2 channel activity. Phosphorylation of CaM, when complexed with
SK, at T79 by Casein Kinase 2 (CK2), mimicked by the T79D mutation in
mammalian cells, is known to inhibit Ca2þ-dependent activation of SK chan-
nels by an unknown mechanism of action. We show that the phosphomimetic
T79D mutation can effectively reduce the PIP2 sensitivity of SK2 channel by
12-fold and confer susceptibility to inhibition by PIP2 hydrolysis. We propose
the converged signaling of CaM phosphorylation and PIP2 hydrolysis as the un-
derlying mechanism for inhibition of SK channels in neurons induced by neu-
rotransmitters, which contributes to the regulation of synaptic plasticity and
thus learning and memory. Additionally we observed that changes of protein
conformation in close proximity to PIP2 binding site by a small molecule,
NS309, can effectively enhance the interaction between the protein and
PIP2, and potentiate channel activity. These results demonstrate the PIP2-
channel interaction as a critical element in both physiological and pharmaco-
logical regulation of SK channel activity.
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Rate adaptation is the physiological shortening of the cardiac action potential
duration as heart rate increases. Rate adaptation protects the diastolic interval
and maintains electrical stability of the cardiac myocyte. Inherited mutations
that decrease the cardiac IKs current predispose patients to arrythmias that
manifest during stress or exercise, suggesting that IKs plays a prominent role
in limiting action potential duration under conditions where heart rate is fast
and beta-adrenergic tone is elevated. Using computational models of IKs, Silva
et al. were able to reproduce rate adaptive behavior. In their model, IKs channel
can occupy readily recruitable- (shallow) or functionally silent- (deep) closed
states at rest. However, the molecular basis of the deep-closed states was un-
known, and it was empirically modeled as an additional, slow voltage-sensor
transition. In a recent study of Kv7.1, the principal subunit of the IKs channel,
we found that binding of the lipid phosphatidylinositol 4,5-bisphosphate (PIP2)
is required to couple voltage-sensor activation to pore-opening. Here we study
the properties of PIP2 interaction with hIKs channels and describe three phe-
nomena: a large reserve of PIP2 unbound channels that exists in biological
membranes, the kinetics of PIP2 binding and unbinding are slow, and the
activated-open state has a much greater apparent affinity for PIP2 compared
750a Wednesday, February 19, 2014to other gating states. Based on these experimentally observed properties we
propose that PIP2 binding is the molecular basis for the mode switching
behavior in the model by Silva et al., and it underlies spontaneous adaptation
of IKs current to changes in cycle length. We test these hypotheses using ki-
netic and cellular computational models and experimental protocols simulating
fast heart rates.
3792-Pos Board B520
Angiotensin II Modulates IKs by Multiple Mechanisms with Varying Out-
comes
Yuhong Wang1, Min Jiang1, Mei Zhang1, Dona Occhipinti2, Tseng Gea-Ny1.
1Physiology, Virginia Commonwealth University, Richmond, VA, USA,
2Biology, Hobart and Williams Smith Colleges, Rome, NY, USA.
Previous studies showed that acute angiotensin II (AngII) application decreases
IKs in ventricular myocytes, but increases IKs in atrial myocytes from guinea-
pig (GPV and GPA). Chronic AngII application (released by implanted
mini-pump, 4 weeks) also decreases IKs in GPV but increases IKs in GPA.
Extrapolating these observations to human heart suggests that AngII may in-
crease the risk for long QT and atrial fibrillation by differentially remodeling
ventricular and atrial IKs, respectively. Recently we identify a fundamental
difference in IKs between GPV and GPA: KCNQ1 and KCNE1 (Q1 and E1,
pore-forming and auxiliary IKs subunits) are largely separated in GPV (Q1
intracellular while E1 on surface) but better colocalized on cell surface in
GPA. Furthermore, AngII incubation induces significant Q1 translocation to
cell surface in GPV but not in GPA. We hypothesize that AngII modulation
of IKs involves multiple signaling pathways, which develop with different
time courses and exert differential effects on IKs. We test this hypothesis by
coexpressing Q1, E1, and AngII-receptor (AT1R) in COS-7 cells, and monitor
AngII (1 uM) effects on IKs using patch clamp recording, confocal imaging, and
protein fractionation/biochemical quantification. Acute AngII exposure re-
duces IKs (some with early transient increase) and right shifts V0.5 of activation.
Overexpressing Ca-binding-deficient calmodulin reduces these effects. Incuba-
tion with AngII for 1 or 24 hr followed by patch clamp in the absence of AngII
shows that IKs is increased over time-control. Cell surface Q1 protein level is
higher after 1-hr AngII incubation. After 24-hr AngII incubation, cell surface
Q1 level is the same as time-control, but overall Q1 protein level is higher.
These data suggest that AngII modulation of IKs involves [Ca]i elevation/
PKC activation/PIP2 depletion (acute), Q1 translocation to cell surface (1 hr),
changes in Q1 biosynthesis and/or degradation (24 hr).
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Introduction: Cardiac ion channel disregulation is a hallmark of heart failure.
Consistently, the disease yields dramatic decline in Ito through loss in Kv4 and
its auxiliary partner KChIP2. Notably, transcriptional changes in heart failure
can be elicited through KChIP2 silencing in the absence of disease signaling,
suggesting potential transcriptional capacity for KChIP2. Further, disparity
between resulting transcript and protein patterns suggests a mechanism
compatible with modified miRNA activity. Considering other members of
the KChIP family behave as transcriptional repressors, we hypothesize that
KChIP2 regulates discrete microRNAs which in turn regulate cardiac excit-
ability. Methods and Results: A miRNA microarray was conducted on
neonatal rat ventricular myocytes (NRVM) following in vitro silencing of
KChIP2 by siRNA, identifying the miR-34 family as potential transcriptional
targets of KChIP2. Regulation confirmed by quantitative PCR, showed reduc-
tion in miR-34a/b/c when over-expressing KChIP2 and increase following
silencing. To assess whether KChIP2 modulated transcriptional activity of
these miRNAs directly, reporter assays were conducted on the cloned pro-
moter of miR-34b/c. Expression of this vector with KChIP2 confirmed its
repressive behavior on the miR-34b/c promoter. Furthermore, chromatin
immunoprecipitation following PCR of putative binding sites confirmed bind-
ing of KChIP2 to the miR-34b/c promoter. Since modified expression of
KChIP2 can lead to changes in several ion channel subunits, we investigated
whether this was the consequence of KChIP2 regulation via miR-34. There-
fore, miR-34a/b/c precursor was expressed in NRVM which reduced tran-
script levels of Nav1.5 and Navb1. Conversely, transcripts for Kv4.3 were
maintained but experienced reduced protein expression. Reflecting these
changes, peak INa was reduced following miR precursor treatment. Conclu-
sion: Taken together, these observations describe a novel mechanism where
KChIP2 regulates a host of cardiac genes through transcriptional control of
miRNAs, potentially explaining electrical remodeling observed in disease
states where KChIP2 is reduced.3794-Pos Board B522
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Calmodulin (CaM) and phosphatidylinositol 4,5-bisphosphate (PIP2) are
involved in controlling the gating of KCNQ ("M-type") Kþ channels. It is well
established that CaM has affinity for both theA and B helices of the KCNQprox-
imal C-terminus, and previous work indicates that CaM may be constitutively
bound to the B helix. KCNQ channels are also suggested to contain multiple
PIP2-binding sites, including a region of basic residues between the A and B he-
lices (A-B linker) and a basic region at the C-terminal junction with the S6 trans-
membrane domain (S6Jx). Using a novel approach to understand themechanisms
controlling themodulation of KCNQ channels, we compared the biochemical af-
finities of PIP2 and CaM for these corresponding domains. Isothermal titration
calorimetry (ITC) revealed a high affinity of Ca2þ/CaM for a peptide correspond-
ing to the KCNQ3 B helix (Kd ~82 nM), whereas Ca
2þ/CaM bound the A helix
with a much higher Kd (~2 mM). The interactions between apo-CaM and the A or
B helix peptide were not strong enough to obtain Kd values. Analytical ultracen-
trifugation results indicated that PIP2 directly bound to the S6Jx peptide, whereas
its interaction with the A helix-B helix linker peptide is, as yet, indeterminate.
These findings support the idea that CaM binds both the A and B helices of the
KCNQ C-terminal domain in a Ca2þ-dependent manner. Since the S6Jx domain
is known to be close to the cell membrane bymany structural studies of Kþ chan-
nels, these data also suggest that only a very small conformational change in the
C-termini of KCNQ channels is required to alter its binding to membrane PIP2.
We will present more biochemical results that should help define the structural
and molecular mechanism of PIP2 and CaM actions on KCNQ channels.
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Phosphatidylinositol 4,5-bisphosphate (PIP2) is necessary for the activation of
KCNQ Kþ channels. Many studies have investigated the location of the PIP2-
binding site on those channels, which have implicated PIP2 interactions with
the C-terminus. Our lab has suggested PIP2 to bind to the linker between helices
A and B in the C-terminus of KCNQ3 (Hernandez et al., 2008, JGP, 132). Here,
we find that deletion of this linker inwell-expressingKCNQ3A315T (KCNQ3T)
channels decreased current amplitudes. Use of a voltage-sensitive phosphatase
from danio rerio (Dr-VSP), which dephosphorylates PIP2 upon strongmembrane
depolarizations, suggests this decrease of current to be due to a lower PIP2 affin-
ity for the channels, as assayed by the rates of current decay at 120 mV, and of
current recovery at 30 mV. However, other labs have reported PIP2 to interact
with the initial (pre-A helix) domain of the C-terminus (Zhang et al., 2003,
Neuron, 37; Thomas et al., 2011, JBC, 286; Telezhkin et al., 2013, Pflugers
Arch, 465). Residues (K354, K358, R360, and K362) in KCNQ1 and (H328
and R325) in KCNQ2 have been suggested to interact with PIP2. Since these res-
idues are conserved in KCNQ2-5 channels, those residues may play a role in
PIP2-channel interactions for KCNQ3. We found the R364A (corresponding
to R360 in KCNQ1 and R325 in KCNQ2) and the H367C (corresponding to
H328 in KCNQ2) mutations in KCNQ3T decreased current amplitudes. Dr-
VSP showed the PIP2 affinity of these mutants to be decreased, suggesting the
decrease of current for these mutants is also due to a lower PIP2 affinity for
the channels. Our results suggest that PIP2 likely binds both to the linker between
helices A and B and to the initial C-terminal domain in KCNQ3 channels.
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Phosphoinositides are fundamental membrane lipids, e.g. phosphatidylinositol
4,5-bisphosphate (PIP2) is the long known precursor for second messengers
such as inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). They are
also involved in the regulation of ion channels, serve as membrane anchor
for the cytoskeleton and required for hair cell function. The novel mechanically
gated ion channel Piezo1 is a key player in erythrocyte volume regulation and
Piezo2 is responsible for the rapidly adapting mechanically activated currents
in sensory neurons. Mechanosensitive ion channels are proposed to be regu-
lated by the cytoskeleton and membrane lipids in general. Piezo1 channel ac-
tivity is inhibited by the disruption of the actin cytoskeleton, and its
sensitivity to mechanical stimuli is increased by hypotonic swelling, however,
the lipid regulation of these channels remains unexplored.
Piezo channels are activated by mechanical stimuli when expressed in heterol-
ogous systems unlike most mechanosensitive ion channel candidates. Taking
